The 
, and a small GTP-binding protein Rac1͞Rac2), which are translocated to the plasma membrane during assembly of the active enzyme complex (2) . Large quantities of O 2 Ϫ then are generated by the transfer of electrons from cytosolic NADPH to molecular O 2 (3) . The physiological significance of the phagocyte NADPH oxidase in host defense is illustrated by the severe recurrent bacterial and fungal infections that occur in patients with chronic granulomatous disease whose phagocytes are unable to generate O 2 Ϫ because of various mutations in four of the oxidase proteins (gp91 
, encoded by the gene affected in the X-linked form of chronic granulomatous disease, and a nonglycosylated 22-kDa subunit (p22 phox ), which is affected in an autosomal recessive form of the disease (1) . Both physical studies and peptide sequencing of purified flavocytochrome b 558 indicate that it is a heterodimer with stoichiometry of 1:1 (4-6). Flavocytochrome b 558 contains both flavin and heme groups that participate in the sequential transfer of electrons from NADPH to O 2 , although p67 phox also may contain an NADPH binding site (7) . The hydrophilic carboxyl-terminal half of gp91 phox contains motifs with homology to the flavin-and NADPH-binding domains of ferredoxin NADP ϩ reductase (8) (9) (10) . There also appear to be two nonidentical heme groups per flavocytochrome b 558 heterodimer, with midpoint redox potentials (Em) of Ϫ225 and Ϫ265 mV (11) . These hemes are embedded within the membrane (12) and are coordinated noncovalently by histidines in both heme axial positions (13) (14) (15) .
It remains uncertain as to which of the two flavocytochrome subunits bears the heme prosthetic groups. The gp91 phox and p22 phox polypeptides in purified flavocytochrome b 558 are closely associated and are separable only under denaturing conditions that typically result in the loss of heme binding (4) . Heterodimer formation appears to be important for stable expression of each subunit in neutrophils because virtually all patients with flavocytochrome b 558 mutations lack both gp91 phox and p22 phox polypeptides, regardless of which subunit is affected by the genetic defect (16) . Inhibition of heme biosynthesis also results in a marked decrease in flavocytochrome b 558 expression, suggesting that heme incorporation influences heterodimer formation (17) . Several reports have suggested that p22 phox is the heme-binding subunit (18) (19) , although there is only a single invariant histidine in p22
phox (20 
MATERIALS AND METHODS
Materials. Anthraquinone 2,6-disulfonate, duroquinone, 2-hydroxy-1,4-napthoquinone, and 2,3,5,6-tetramethylphenylenediamine were obtained from Aldrich. Anthraquinone and octyl-␤-D-glucopyranoside were supplied by Fluka and Calbiochem, respectively. Pyocyanine was synthesized as described (11 (17) . These derivative COS7 lines are referred to as COS7 p22, COS7 gp91, and COS7 gp91͞p22. The expression of recombinant gp91 phox and p22 phox in these transfectants was examined by immunoblotting as described (17) . Cellular membrane and cytosolic fractions were prepared by sequential centrifugation after cell disruption by sonication (21) . Confocal microscopy also was used to determine the subcellular localization of gp91 The Netherlands Blood Transfusion Service), were used as primary antibodies in the staining of unpermeabilized and permeabilized cells. For membrane permeabilization, cells were treated with 0.01% saponin for 10 min after blocking and maintained with the same concentration of saponin in the subsequent incubation with the primary antibody before fixation with 1% of paraformaldehyde and staining with the secondary antibody. After the incubation with fluorescein isothiocyanateconjugated secondary antibody, cells were observed by confocal microscopy (26) . Mouse IgG1 was used in parallel as an isotype control.
Spectral Analysis of Flavocytochrome b 558 Expressed in COS7 Cells. Membranes prepared from WT and transfected COS7 cells were extracted with 2% octyl glucoside as described for human neutrophil flavocytochrome b 558 (4) . In brief, COS7 cell membranes were treated with 1 M NaCl and centrifuged at 100K ϫ g for 40 min at 4°C. The resulting pellet then was sonicated into Relax buffer (10 mM Hepes, pH 7.4͞100 mM KCl͞10 mM NaCl) containing 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 g͞ml chymostatin, and 2% octyl glucoside. The membranes were extracted for 30 min on ice, and the mixture was centrifuged at 100K ϫ g for 40 min at 4°C. The 2% octyl glucoside supernatant then was diluted 1:1 in Relax buffer and analyzed by dithionitereduced minus oxidized difference spectroscopy on a Cary 3E dual-beam spectrophotometer (Varian) by using an extinction coefficient of 21.6 mM Ϫ1 cm Ϫ1 (27) . Samples were reduced by mixing several grains of sodium dithionite into the cuvette.
Measurement of Oxidation-Reduction Potentials. Potentiometric titrations were performed in a stirred cuvette fitted with platinum and calomel electrodes under an atmosphere of oxygenfree argon by using the apparatus described previously (11, 28) in a final volume of 1.6 ml. Samples were prepared by solubilizing salt-washed membranes from 4.0 ϫ 10 8 cells in 100 mM KCl, 50 mM Mops buffer (pH 7.0) containing 1.0% wt͞vol octyl glucoside. Detergent-insoluble material was removed by centrifugation at 100k ϫ g for 40 min. Absorbance spectra were recorded between 580 and 530 nm, by using a Perkin-Elmer Lambda 18 spectrophotometer, at a series of electrode potentials (11) . The potential was adjusted with small Ͻ Ͻ microliter volumes of solutions of sodium dithionite (reductive titrations) or potassium ferricyanide (oxidative titrations). The degree of reduction of flavocytochrome b 558 was estimated by the height of the absorbance band at 558 nm relative to a baseline drawn between 530 and 570 nm. These absorbances were plotted against electrode potential. The best fit to the data points was calculated by using the GRAPHPAD Prism software package (San Diego, CA).
Analysis of NADPH Oxidase Activity in a Cell-Free Assay. NADPH oxidase activity was measured in a cell-free assay system by using both cytochrome c and chemiluminescence detection systems. To analyze O 2 Ϫ generation in a cytochrome c-based system, partially purified, reflavinated, and relipidated flavocytochrome b 558 from COS7 gp91͞p22 was incubated with human neutrophil cytosol, and O 2 Ϫ formation was monitored by the superoxide dismutase-inhibitable reduction of cytochrome c as described (29) . To test whether COS7 membranes interfered with O 2 Ϫ production or detection, we also added COS7 membranes to a system consisting of 0.5 mM xanthine and 0.01 units͞ml xanthine oxidase. Addition of either COS7 WT or COS7 gp91͞ p22 membranes (50 g͞ml) to this system had little effect on superoxide dismutase-inhibitable O 2 Ϫ production (not shown). For enhanced sensitivity, we also analyzed O 2 Ϫ generation by using a chemiluminescence detection system. In these assays, we added 30 mM lucigenin, 450 g͞ml COS7 cell membranes (Ϸ1 ϫ 10 6 cell equivalents͞ml), and 8 ϫ 10 6 cell equivalents͞ml human neutrophil cytosol to a standard cell-free assay system (21), incubated for 2 min, and then added 150 M SDS. After 3 min, 200 M NADPH was added, and the rate of O 2 Ϫ production was measured continuously by monitoring chemiluminescence by using a Lumat LB 9507 luminometer (Wallac, Gaithersburg, MD). The data, collected as relative luminescence units, were plotted versus time, and the area under the curve was used for analysis (30) . As a positive control, we analyzed 40 g͞ml human neutrophil membranes (Ϸ2 ϫ 10 7 cell equivalents͞ml) instead of COS7 cell membranes. Specificity was demonstrated by the addition of 10 mM Tiron, an O 2 Ϫ scavenger, which served as the negative control. In reaction mixtures containing everything except cytosol, relative luminescence units remained at background levels throughout the assay period (15 min).
RESULTS

Expression of gp91
phox and p22 phox in Transfected COS7 Cells. By using transgenic techniques, we have generated COS7 cell lines with stable expression of the individual flavocytochrome b 558 subunits gp91 phox (COS7 gp91) and p22 phox (COS7 p22), as well as a line expressing both subunits (COS7 gp91͞p22) (17) . To determine the subcellular location of each flavocytochrome subunit, we stained COS7 WT and transfected derivative cells with a mAb, 7D5, that reacts with an extracellular epitope of gp91 phox , and a mAb, 449, that reacts with a intracellular epitope of p22 phox and examined the cells by confocal microscopy. As seen in Fig. 1A , the 7D5 antibody stained the cell surface of COS7 gp91 and COS7 gp91͞p22 cells but not COS7 p22 and COS7 WT cells. The p22 phox antibody 449 produced a reticular staining pattern that was diffuse but was excluded from the nucleus in saponinpermeabilized COS7 p22 and COS7 gp91͞p22 cells. A similar distribution of gp91 phox was seen in saponin-permeabilized COS7 gp91 and COS7 gp91͞p22 cells stained with the gp91 phox -specific 7D5 antibody (not shown). Immunoblot analysis of cytosol and 558 . To further characterize the flavocytochrome expressed in COS7 cells, we analyzed detergent extracts of COS7 cell membranes by using reduced minus oxidized difference spectroscopy. We also included samples of partially purified human neutrophil flavocytochrome b 558 in our analysis for comparison. As shown in Fig. 2A , the COS7 gp91͞p22 (red line) and COS7 gp91 (green line) cell membranes contained a b-type cytochrome with spectral characteristics similar to those of human neutrophil flavocytochrome b 558 (blue line). The spectra of COS7 p22 (black line) and COS7 WT (not shown) were identical and showed no evidence of a heme spectrum. Comparison of the heme spectra from COS7 gp91͞p22 and COS7 gp91 with that of authentic human neutrophil flavocytochrome b 558 confirmed that all three spectra were essentially identical with respect to the locations of the ␣ (558.5-559 nm), ␤ (529-530 nm), and Soret (426.5-427 nm) band absorbance peaks (see Fig. 2 B and C for enlarged views of the Soret and ␣ band peaks). The specific activities of the flavocytochrome were 1.79 and 0.950 nmol͞mg protein in COS7 gp91͞ p22 and COS7 gp91 membrane extracts, respectively. As with neutrophil membranes, if we omitted the 1 M NaCl wash before octyl glucoside extraction, we obtained lower specific activities (0.950 and 0.726 nmol͞mg protein for COS7 gp91͞p22 and COS7 gp91, respectively). In any case, the specific activities determined for COS7 gp91͞p22 were very similar to those previously determined by Parkos and coworkers (4) for human neutrophil membrane extracts.
We have shown previously that the neutrophil flavocytochrome b 558 contains two nonidentical hemes with Em of Ϫ225 and Ϫ265 mV (11) . Having established that gp91 phox is capable of binding heme in the absence of p22 phox (Fig. 2) , it was clearly of interest to determine which heme(s) were present in gp91 phox and whether the midpoint potential(s) were the same as in the native gp91 phox ͞p22 phox heterodimer. As shown in Fig. 3 , redox titrations of COS7 gp91͞p22 samples could be fitted most accurately to redox components with Em of Ϫ235 and Ϫ260 mV. These values were very close to the values previously determined for flavocytochrome b558 purified from human neutrophil membranes (Ϫ225 and Ϫ265 mV) (11) . Surprisingly, redox titrations of COS7 gp91phox samples were indistinguishable from those of COS7 gp91͞p22 (Fig. 3 ) and also could be fitted to two components with Em of Ϫ233 and Ϫ264 mV (R 2 ϭ 0.992). A single component fit gave an Em of Ϫ249 mV (R 2 ϭ 0.988, not shown). No absorbance changes attributable to flavocytochrome could be detected in samples from COS7 WT or COS7 p22 membranes (not shown). Thus, it appears that both heme groups are contained within gp91 phox alone, neither being shared with p22 phox as was hypothesized previously.
Functional Analysis of gp91 phox and p22 phox in COS7 Cell Lines. We next examined the ability of gp91 phox and p22 (24) and p22 phox (24) . Each lane was loaded with 10 g of protein.
The band Ϸ44 kDa in the COS7 p22 and COS7 gp91͞p22 lanes represents dimeric aggregate of p22 phox .
Biochemistry: Yu et al.
Proc. Natl. Acad. Sci. USA 95 (1998) when expressed as individual polypeptides or when coexpressed in COS7 cells, to support O 2 Ϫ production. To address this question, we used a cell-free NADPH oxidase assay system by using human neutrophil cytosol and COS7 cell membranes. As shown in Table 1 , only membranes prepared from COS7 gp91͞p22 were able to reconstitute NADPH oxidase activity as measured by using a chemiluminesence assay for O 2 Ϫ formation, and COS7 gp91 and COS7 p22 membranes exhibited no activity above the background shown by COS7 WT membranes. The absolute level of oxidase activity produced by COS7 gp91͞p22 cell membranes was Ϸ50% of that produced by neutrophil membranes. However, on a membrane protein basis, the COS7 gp91͞p22 oxidase activity was only Ϸ10% of that generated by human neutrophil membranes. To confirm our chemiluminescence results and obtain quantitative measurements of the amount of O 2 Ϫ produced, we also used a cytochrome c-based assay. Cell-free assays using neutrophil cytosol combined with partially purified gp91 phox , p22 phox , or gp91 phox ͞p22 phox isolated from the corresponding COS7 cell membranes showed similar results (Table 1 ), although a slightly higher level of O 2 Ϫ (Ϸ20%) was generated by using partially purified gp91 phox ͞p22 phox in this type of assay. Although equivalent fractions from COS7 gp91 contained spectrally detectable heme that was similar in amount to that from COS7 gp91͞p22, no O 2 Ϫ could be detected. Thus, at least a portion of the gp91 phox ͞p22 phox heterodimer expressed in COS7 gp91͞p22 cell membranes is functionally capable of supporting a respiratory burst in the presence of human neutrophil cytosol. In addition, these results indicate that, even though COS7 gp91 exhibits a characteristic flavocytochrome b 558 heme spectrum, both gp91 phox and p22 phox are required for the active NADPH oxidase.
DISCUSSION
The NADPH oxidase flavocytochrome b 558 mediates the terminal steps in electron transfer, resulting in the generation of O 2 Ϫ during the phagocyte respiratory burst. The relative functions of its two integral membrane protein subunits, gp91 phox and p22 phox , have been characterized incompletely because stable expression of each subunit in phagocytes depends on heterodimer formation. However, gp91 phox and p22 phox , expressed from stable transgenes, appear to be more stable as unassembled polypeptides in heterologous cell lines compared with phagocytic cells (17) . In the current study, we have used transgenic COS7 cell lines to examine the subcellular localization, heme binding, and functional capacity of each flavocytochrome b 558 subunit when expressed in the absence of its partner.
The gp91 phox subunit of flavocytochrome b 558 is a glycoprotein that undergoes glycosylation in the endoplasmic reticulum, with subsequent modification and processing of carbohydrate within the Golgi as it is transported to the plasma membrane (17, 31) . We had shown previously that maturation of high mannose carbohydrates to complex oligosaccharides on gp91 phox can occur in the absence of p22 phox when recombinant gp91 phox is expressed in either monkey kidney COS7 or murine 3T3 cells (17) . By using confocal microscopy, we now show directly that gp91 phox is expressed on the cell surface in the absence of p22 phox expression. This result indicates that targeting of gp91 phox to the plasma membrane does not require heterodimer formation. Recombi -FIG. 3 . Potentiometric titrations of solubilized COS7 gp91͞p22 and COS7 gp91 membranes. Oxidation-reduction potential measurements were performed on COS7 gp91͞p22 (Left) and COS7 gp91 (Right) membranes as described under Materials and Methods. Potassium ferricyanide was used for oxidative titrations (square), and sodium ditionite was used for reductive titrations (triangle). The solid curves are the best fits to the data points for two components; the dashed curves represent the contributions of the individual heme centers, each contributing Ϸ50% to the absorbance change. Data from the redox titrations was fitted by nonlinear regression (Marquardt method) to the Nernst equation by using GRAPHPAD Prism software. Initial estimated values for the variables were the maximum absorbance change of each component and its corresponding midpoint potential. The total absorbance change in both cases was Ϸ0.01 absorbance units. 12,711 Ϯ 27,000 (n ϭ 3) 0.028 Ϯ 0.9 (n ϭ 6) COS7 gp91 11,111 Ϯ 22,555 (n ϭ 3) 0.13 Ϯ 0.22 (n ϭ 6) COS7 p22 67,867 Ϯ 7,669 (n ϭ 3) Ϫ0.06 Ϯ 0.03 (n ϭ 6) COS7 gp91͞p22 295,034 Ϯ 81,407 (n ϭ 3) 17.0 Ϯ 0.37 (n ϭ 3) Neutrophils 538,990 Ϯ 52,888 (n ϭ 3) 88.5 Ϯ 13.3 (n ϭ 3) *Cell-free assays were performed as described in Materials and Methods by using neutrophil or COS7 cell membranes and neutrophil cytosol as a source of cytosolic oxidase components. O 2 Ϫ production was monitored by using a chemiluminescence detection system, and the results are expressed as mean Ϯ SEM Tiron-inhibitable relative luminescence units (RLU). † Cell-free assays were performed as described in Materials and Methods by using partially purified neutrophil or COS7 cell membranes and neutrophil cytosol as a source of cytosolic oxidase components. O 2 Ϫ production was monitored by using a cytochrome c detection system, and the results are expressed as mean Ϯ SEM SOD-inhibitable O 2 Ϫ production. phox also was detected in the intracellular membrane compartment in a reticular staining pattern, an appearance consistent with an endoplasmic reticulum-Golgi distribution. Recombinant p22 phox expressed in the absence of gp91 phox in COS7 cells also was found exclusively in the membrane fraction. However, the diffuse reticular staining pattern seen by using the p22 phox mAb, which reacts with an intracellular epitope, made it difficult to determine whether unassembled p22 phox was also present in the plasma membrane.
Although a significant amount of research has been focused on understanding the characteristics of the hemes in flavocytochrome b 558 (11-12, 17-19, 32) , the locations of the hemes has remained elusive. As described above, it is now clear that flavocytochrome b 558 contains two hemes (11) . Because the heme groups are not covalently bound in the flavocytochrome molecule and neutrophil flavocytochrome b 558 loses its heme upon dissociation of the heterodimer (4), it has been difficult to identify directly the heme-binding subunit. Initially, it was suggested that flavocytochrome b contained only one heme and that p22 phox was the sole heme-containing subunit (18) (19) . Yamaguchi et al. (18) reported the purification of a 20-to 22-kDa heme-containing subunit of flavocytochrome b; however, there was a conspicuous absence of gp91 phox in their final preparation, and the amino acid composition reported for their protein was significantly different than that determined from the predicted amino acid sequence (33). Nugent et al. (19) reported that their experiments using sedimentation equilibrium and radiation inactivation analysis also implicated p22 phox as the heme-binding subunit; however, their studies were also subject to methodological problems, including loss of gp91 phox from their sample and an inability to reproduce their sedimentation equilibrium results by using gel filtration. In addition, analysis of the p22 phox amino acid sequence for hemecoordinating residues demonstrates the presence of only one invariant histidine (20, 33) . Thus, it is clear that p22 phox could not coordinate a heme by itself. We now know that both gp91 phox and p22 phox are sensitive to proteolytic degradation, resulting in the formation of Ϸ18Ϫ20 kDa fragments without affecting the heme absorbance spectrum (12) , so it is possible that the results of these previous studies could have been complicated by the presence of such fragments. Although p22 phox was not able to coordinate a heme by itself, it was hypothesized that one of the hemes might be shared between gp91 phox and p22 phox . In support of this idea, studies by Quinn et al. (12) using heme staining of purified neutrophil flavocytochrome separated by lithium dodecyl sulfate͞PAGE showed heme staining in bands of 91 and 22 kDa. These results provided evidence for the presence of multiple hemes in flavocytochrome b, including a heme bound to gp91 phox and a heme possibly shared between both subunits.
In the present studies, the use of transgenic COS7 cell lines has allowed us to obtain direct evidence to further clarify the issue of subunit specificity of the hemes in flavocytochrome b 558 . Analysis by reduced minus oxidized difference spectroscopy and redox potentiometry clearly showed that gp91 phox expressed in COS7 cells in the absence of p22 phox probably contains two heme moieties with spectral and redox properties virtually identical to those of neutrophil flavocytochrome b 558 . The alternative possibility, that gp91 phox expressed alone contains only one heme, requires the remarkable coincidence that the midpoint potential of the heme is altered in such a way that it changes from Ϫ225 mV or Ϫ265 mV to Ϫ249 mV. We believe that this is an unlikely scenario and propose that gp91 phox is the sole heme-binding subunit of flavocytochrome b 558 , there being no requirement for a shared heme. A likely explanation for the difference between these studies and the presence of heme-staining in a 22-kDa species is that free heme released during lithium dodecyl sulfate͞ PAGE may have bound nonspecifically to p22 phox . Clearly, there was a significant amount of free heme released during lithium dodecyl sulfate͞PAGE, resulting in heme staining at the dye front (12) , and it is conceivable that some of this free heme could have bound to smaller proteins in the same gel lane.
The similarities in the spectral data and redox potentiometry in cells expressing gp91 phox alone or coexpressing both flavocytochrome b 558 subunits suggest that formation of a heterodimeric complex with p22 phox has little influence on the local environment surrounding the heme groups. We had proposed previously that heme incorporation facilitates heterodimer formation based on our finding that heme availability was essential for the stable expression of p22 phox and mature gp91 phox in phagocytes (17) . The underlying basis for this observation remains uncertain, as is the timing of heme insertion during gp91 phox biosynthesis, but is not likely to involve a role for heme as a direct dimerization agent. It is conceivable, however, that heme incorporation into gp91 phox produces conformational changes in domains required for heterodimerization with the p22 phox subunit.
All of the available optical, EPR, CD, and resonance Raman spectra are consistent with the presence of two, bis-histidinyl, hexacoordinate, low spin hemes within flavocytochrome b 558 (13, 15, 18, 34, 35) . Analysis of hydropathy plots, similarity searches, and our own previous work (11) suggests that the most probable heme axial ligands are His 101 and His 209 (for the heme with Em ϭ Ϫ225 mV) and His 115 and His 222 (for the heme with Em ϭ Ϫ265 mV) (See Fig. 4 ). A similar model with a bis-heme motif also has been proposed recently for gp91 phox , based on site-directed mutagenesis of histidine residues within the yeast FRE1 iron reductase, a low potential heme protein with sequence and spectral similarities to gp91 phox (32, 36) . The candidate pairs of histidine residues in gp91 phox have the appropriate orientation and spacing to place two heme groups within membranespanning ␣-helices so that electrons could be transferred from FAD to a heme (Em ϭ Ϫ225 mV) near the inner face of the membrane and then to the second heme (Em ϭ Ϫ265 mV) near the outer face of the membrane, and finally to an extracellular oxygen-binding pocket where O 2 Ϫ is formed (37) . This type of long range electron transfer or electron tunnelling through the protein has been described previously for other heme proteins (38) and various metalloproteins (39, 40) . This model also is supported by the observed effect of an Arg54Ser mutation in gp91 phox identified in a patient with X-linked chronic granulomatous disease and a nonfunctional flavocytochrome b 558 (11) . The mutation re- production in the presence of normal neutrophil cytosol. This finding strongly suggests that the recombinant subunits assemble into a heterodimeric complex in the nonphagocytic COS7 cell background. Neither gp91 phox in COS7 gp91 membranes nor p22 phox in COS7 p22 membranes was able to replace flavocytochrome b 558 in a cell-free NADPH oxidase assays, indicating that both flavocytochrome subunits are required for functional assembly of the oxidase. In addition, we have mixed partially purified gp91 phox and p22 phox from the corresponding COS7 membranes and used in combination with neutrophil cytosol in the cell-free assay but observed no O 2 Ϫ formation (not shown). This result indicates that these mixing conditions were not suitable for proper assembly of a functional heterodimer. Another possible explanation is that heterodimer formation is directed by other cellular components in vivo, e.g., chaperones, which were not present in our in vitro reconstitution experiments. The lower activity of the gp91 phox ͞p22 phox heterodimer in COS7 gp91͞p22 membranes compared with normal neutrophils could be due to a reduced amount of recombinant flavocytochrome b 558 present in transgenic COS7 membranes or differences in membrane composition of the different cell types.
In conclusion, the studies presented here strongly suggest that gp91 phox is the sole heme binding subunit of the NADPH oxidase that mediates electron transfer in generating O 2 Ϫ . However, functional assembly of the active NADPH oxidase requires both subunits of flavocytochrome b 558 . Domains critical for the normal translocation of cytosolic oxidase components have been identified in both gp91 
